In this study we examined the efficiency of an in vitro feeding technique using glass 3 microcapillaries as a method of establishing rickettsiae-infected lines of ticks. To 4 quantitate the volume ingested by ticks during microcapillary feeding, the incorporation 5 of radiolabeled amino acids in tick gut and hemolymph was calculated. Fifteen of 6 eighteen ticks consumed between 0.06 µ1 and 6.77 µ1. However, ingestion of fluid was 7 not correlated to weight gain during capillary feeding. Partially fed laboratory-reared 8 females, Dermacentor variabilis, known uninfected, were exposed to either Rickettsia
Rickettsiae are obligate intracellular bacteria that are transmitted to mammals by a 3 number of arthropod vectors including mites, lice, fleas, and ticks. Most members of the 4 spotted fever group (SFG) rickettsiae are transmitted by ixodid ticks. The SFG include 5 both pathogenic and nonpathogenic rickettsiae. In most cases, the passage or 6 development of tick-borne rickettsiae in a vertebrate host is not essential for survival of 7 the bacteria because rickettsiae are maintained through transstadial and transovarial 8 transmission (TOT) within the arthropod host. However, maintenance of rickettsiae in 9 ticks via TOT may influence their virulence to vertebrate hosts.
10
To examine the tick-pathogen relationship, ticks must be deliberately infected 11 with rickettsiae. Then, the spread of the bacteria throughout the tick's tissues can be 12 investigated. Historically, the most widely used method to establish known rickettsia-13 infected ticks has been by allowing them to feed on rickettsemic animals (Burgdorfer 14 1988; Niebylski et al. 1999 ). However, important questions about the fate of ingested 15 rickettsiae may be difficult to address due to uncertainty regarding the precise time when • 16 or number acquired during natural feeding.
17
Alternatively, ticks can be infected in vitro with cultured pathogens by artificial 18 techniques. Artificial feeding offers important advantages, not the least of which is the 19 ability to control the dose of microorganisms or the contents of the feeding medium.
20 Several methods to artificially introduce microbial pathogens into ticks in vitro have been 21 successful, including membrane feeding (Kemp et al. 1975; Howarth and Hokama 1983; 22 Voigt et al. 1993; Abbasy et al. 1994; Young et al. 1996) , percutaneous injection 23 (Jongejan et al. 1980; Kocan et al. 1986) , and capillary feeding (Chabaud 1950 ; several different microbial pathogens, e.g., Ehrlichia spp. (Rechav et al. 1999 ), it is not 5 known whether it is possible to infect ticks with Rickettsia spp by this method. Based on 6 techniques used to infect tick vectors with other organisms, we attempted here to 7 introduce known species of cultured rickettsiae into ticks using a microcapillary feeding 8 tube. Dermacentor variabilis was chosen for these studies since it is a known vector of 9 several rickettsial species (Schreifer and Azad 1994) . We were especially interested in 10 determining whether it was possible for female ticks to acquire rickettsiae during 11 microcapillary feeding and transmit them to their eggs (TOT 10 Following hemolymph collection, the ticks were dissected in 0.2 M PBS, and a sample of 11 midgut removed, minced and diluted to 100 µl, then transferred to liquid scintillation 12 vials. The radioactivity in the hemolymph and midgut samples was recorded using a 13 liquid scintillation counter (LS-1700; Beckman Instruments Inc., Fullerton, CA) with 14 quench correction. To determine the loss of radioactivity due to quench (as a result of the 15 color from the midgut ), a quench curve was prepared using midgut from ticks that were 16 not exposed to radiolabeled amino acids. In addition to quench correction, the sample 17 values were corrected for the differences between the ratio of the hemolymph sample 18 volume versus the estimated total body hemolymph volume (Kaufman and Phillips 1973) 19 and the ratio of the gut sample to the total weight of all midgut contents. 2 Weights of partially fed ticks were taken prior to, and directly after, microcapillary 3 feeding, to determine if weight gain occurred during microcapillary feeding. Five 4 individuals from each treatment group were washed twice in 70% ethanol, dried, and 5 dissected under a stereoscopic microscope and their tissues examined for evidence of 6 rickettsial infection by IF A as described below. The remaining ticks from each treatment 7 were placed back on the rabbit hosts, using individual rabbits for each treatment, and 8 allowed to feed until repletion. After repletion, the ticks were weighed and held 9 individually in numbered vials in an incubator at 27°C and 92% R.H. Seven days after 1 O the beginning of oviposition, the egg masses from five randomly-selected female ticks 11 from each group were selected and weighed. Engorgement and egg mass weights 12 recorded for ticks that were exposed to control treatment versus rickettsia-infected Vero 13 cells were compared. weights (R montana = -16.2%; R rhipicephali = -9.0%), however, the differences 10 between the groups were not significantly different (Table 2 ). On day seven of 11 oviposition, average weight of the egg masses produced by five ticks of each group was 12 determined (Table 2) . Although the ticks exposed to rickettsia-infected Vero cells had 
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The use of radiolabeled amino acids provided a unambiguous measure of fluid 20 uptake by the feeding ticks. In contrast, measuring weight changes before and after 21 feeding does not allow for weight loss due to concomitant salivary secretion. As ticks 22 feed, they alternately suck fluid and salivate, often in an erratic pattern (Gregson 1960) .
23
For example, Thei/eria parva-infected Rhipicephalus appendiculatus that were fed for 4
Revised for consiste1 cy of sentence structur, µl in 30 minutes (Balashov 1972) . Such large volumes of salivary secretion would be 5 likely to compromise any attempt to measure fluid consumption by ticks feeding from 6 fluid-filled capillaries. Therefore, we believe that the volumes shown in Table 1 based on 7 radioisotopic assay are more reliable than similar measurements of artificial feeding 8 based solely on weight changes. Further, attempts to measure tick fluid uptake by 9 measuring fluid loss from the capillaries from which the ticks were imbibing must also 10 consider evaporation from the end of the capillaries. This may occur even in a 11 humidified environment. The use of radioassay measurements eliminates this concern.
12 However, other losses such as spillage of contents around the mouthparts would not have 13 been counted with either method. Burgdorfer (1957) or Rechav et al. (1999) , approximately 10 µl per tick, based on weight 17 determinations or fluid displacement. Direct comparisons cannot be made since the latter 18 workers used unfed females. However, 83% of the ticks used in this experiment imbibed 19 some fluid, slightly more than the 71.8% for Amblyomma americanum and considerably 20 more than the 61% for D. variabilis feeding success reported by Rechav et al. (1999) .
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Another noteworthy finding was the very great degree of variability in the amounts 22 imbibed by different ticks, from as little as 0.06 µl to as much as 6.77 µl; only 6 23 individuals consumed more than 1 µI. Nevertheless, regardless of how much they 1 consumed, even very small amounts were sufficient to establish infection, as shown by 2 the very high percent success of TOT. Other disparities between the results reported here 3 and that of other workers could be due to the manner of capillary placement. We inserted 4 the capillaries over the mouthparts, including the palps, whereas others inserted them j 5 over the hypostome, spreading the palps. However, differences in capillary placement 6 did not modify the feeding ability of R. appeiidiculatus (Purnell and Joyner 1967) .
7
In addition to measuring weight gain, capillary feeding allowed us to examine the 8 influence of rickettsial infection on biological parameters of ticks, specifically 9 engorgement weight and fecundity. We observed no significant difference in either 10 engorgement weight or egg mass weight between control and infected female ticks . ._ __
11
Positive confirmation of rickettsial infection in the eggs post-oviposition supported the 12 hypothesis that the females were infected. These results differ from those reported by 13 Niebylski et al. (1999) , in which reduced fecundity was observed in ticks naturally 14 infected with R. montana or R. rhipicephali, as compared to uninfected ticks. These 15 differences may be due to the fact that the ticks used in the experiments in this study were 16 infected during feeding, while the ticks studied by Niebylski et al. (1999) (Hayes and ~urgdorferi 1979) .
8
The association between arthropods and rickettsiae is the result of an evolutionary 9 relationship in which highly adapted rickettsiae coexist with their arthropod host. Tick-10 borne rickettsiae are somewhat unique in that the bacteria are maintained through 11 transstadial and transovarial transmission, and typically have no significant deleterious 12 effects on the arthropod host itself. Exceptions exist in which the bacteria are capable of 13 manipulating cellular fu. nctions of the host (Werren 1997) , or even result in mortality of 14 the arthropod host, as in the case of R. prowazekii in its vector, the human body louse 15 (Azad 1988 * Partially fed ticks were exposed to 14C-labeled amino acids in BSK for -24 h. radioactivity present in the hemolymph and midgut was measured, and volume of solution ingested was calculated for individual ticks. 
